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Final Report 

Near-Field and Distance Cues in Auditory Spatial Displays 

EXECUTIVE SUMMARY 

±t^Z^^^:t^^S^^T,°lot^^ soLd sou.ce 
distance in spatial auditory displays. 

Theoretical analysis showed that the interaural differences *^ *£*%£& ^Hrm 
are within a meter of the listener resolve source location to,™owSXt binaural cues are roughly 
previous studies of more distant sources;,jhel^^^^j2^m a reverberant room 
constant for a source on a cone centered on the intcrmfr^h^^^^lativelv intense compared to 

about localization performance. 
Headphone simulation studies confirmed that reverberationisj.^dto^cS^tSSfc some 

. for nearb^ources in wWch me reverberant energy i^^^^ ^ 
distance information. In fact, our results suggest tat Artmoe ^ co^te^prmi    y ^ 

what aspect of reverberation provides this information. 

e^^s^^Ä 
of these features is critical in the perception of source distance. 

FinaUy, while including reverberation is und« hegl falg-fe »Ä^S£ 
acoustic sources in space, it may ^?„^^ü™s ™ £ SS aSlpeeSISgMity in aSS^rhixcÄ 
iÄ5ÄtaSrL7:Ä^i" Lp,ay agahrst 
performance on other tasks. 

20010326 116 
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RESULTS 

1. Localization Cues 
In  order  to   improve   our   theoretical 

understanding of the acoustic signals that 
arise at the ears when sources are within 
reach, we have analyzed and modeled how 
spatial cues change with position for sources 
within a meter of the head. We have also 
measured spatial acuity in this region in a 
series of headphone studies measuring the 
just-noticeable difference (JND) in azimuth 
as a function of distance for nearby sources. 
These studies show that. spatial acuity is 
substantially improved for very close sound 
sources (<19 cm) directly in front of the 
head,  but   that   there   are   no   consistent 
variations in the JND with distance for other 
directions. However,  results indicate that 
monaural azimuthal JNDs (measured at the 
ipsilateral ear) are substantially improved for 
nearby sources, probably due to the large 
overall level variations with azimuth that 
occur when the source is near the head. 

In the simplest theoretical analysis of 
binaural localization cues, the acoustic 
effects of the head itself were ignored (an 
"acoustically-transparent head" condition) 
and the loci of points for which all sources 
give rise to the same interaural differences of 
time or level were computed algebraically. 

-0.5 o 0.5 1 
meters (along interaural axis) 

Figure 1: Iso-ITD (every 50 microsec; left 
side) and ILD (every 1 dB; right side) 
showing source positions in a plane 
containing the ears that would give rise to 
identical interaural differences at the ears 
(denoted by small open circles). Gray area 
shows region of space that a source at the o 
(left side) or 'x' (right side) could occupy 
while giving   rise to approximately  the same 

Äe^frluTtSg ™^co^™^Z^™s*ä TmeXature for decades (eg., see the 
KnHnn of conls of confos°rh7von Hornbostel and Wertheimer, 1920), surprisingly this analysis 
£fS5?Ä£^^to So our knowledge) for interaural intensity differences, fci ^pace 
i«o Tm^rf!ces are perfect spheres whose centers fall along the interaural axis. As a result, the locus of 
ponTfor wS Ss^ve rise to the same ITDs and UDs is a circle centered on the mteraural axis (see 
Rgure 1) If one further assumes that there is some uncertainty in binaural PeFcePf^?is

nl^ Q
S

f 
"smeared" into afinite volume: a torus (a solid of rotation) centered on the mteraural axis. The volumes of 
thS^Sri of coXsion" change with source position; the torus degenerates to the normal cone of 
SusioTfor SS^LÄSV change* slowly with position) and to me median plane for 
sources far from the interaural axis (where UD cues are uniformly zero). 

Of course this analysis ignores the effects of the head. A more complete mathematical analysis (based 
on iS^iSSS&Scal solutions) was performed in which the head is treatyI as; a ngid^sphere^ 
ThjfSaS was repeated for ears located at diametrically opposite points on ^surface of ^ «Phereas 
well as wlen the ears are displaced backward (more like the ears on a listener's head) The resulting HD 
Ä<SaS2^1^S?w*ptual terms when the effects of the head were included, mcreasmg only 
IlkS for sources verVnear one ear (e.g., see Shinn-Cunningham, Santarelh, and Kopco, 2000) 
Äc^StoaSdSSlly in ^analysis compared to solutions for a "acoustically transparent 
head"7 irSd Son   S>s for a rigid spherical head depend on frequency; at low frequencies the 
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»acoustically transparent head» n»«*«*^ 
audible frequencies. Analysis also showed *™F™%™^^firsTis a frequency- and direction- 
position caS be factored into two ^«ff!/^^^^ ^fshadow") Ve second depends 

(equivalent to that described by the 
"acoustically transparent head" analysis), (bee 
Shinn-Cunningham et al., 2000). 

New analysis of free-field localization data 
for nearby sources  (Brungart and Durlach, 
1999) supports the torus of confusion analysis. 
In this earlier study (which inspired much of 
the work performed in the current  grant), 
subjects   were   asked   to   localize   sources 
presented at a randomly roved overall level 
from locations   in   the   right   hemifield  by 
pointing to the heard position of the source. 
When these data are analyzed in terms of 6, the 
cone-of-confusion angle (corresponding to the 
HD); <j>, the angle around the interaural axis 
(corresponding to the spectral cue);  and r, 
distance (which is partially correlated  with 
ED), patterns of localization accuracy are easy 

1 
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cone-of confusion angle 
<^ 

ED), patterns of localization accuracy are easy ,. Correlation (r2) between source and 
to explain. Most response bias and response J^Jj£ ^ance   as  a function   of   source 
variability can be ascribed to errors in*^(which ^"L dISS£lon     angle     in     anechoic 
is calculated from the relatively ambiguous cone     o^     comu s

rberant conditionS 

spectral cue) and r (for which robust cues ye    gJJ™1^?   averaged across subject. not uniformly available in all regions of space)     (dashed lines;, ave   g 
In contrast, errors in 6 are uniformly small. ü converting-source and response locations to 
one analyzes the errors in units of fTD and BDJK™™™S£«JJj, model)f the magnitude of 
corresponding binaural cue values using die «gJÄ^JSÄ tSks. The average absolute 
average binaural errors are roughly the size ^^^^^S^^iiBmnAajn, 2000). Analysis 
ITD eW is only 53 >is; the average ab solute HD ^^^^JSi^^ (see Figure 2). The 
of distance perception as a function of angle from^^ mteraural ara i^so ms ivarißS

B
dnmaticaIly 

main distance cue for nearby sources in ^h?lc
r^d^^d^l%^fov sources in this part of 

with distance for sources near the "?^ «^ ^^ ^ «^ ^^ median plane   The 

ÄÄoÄ^K £?Sr&Ä^ tiWe penance as me 
S^e abroach« the media,, plane and the nD one becomes less sahent 

We have also made some progress in understandinghow fte, specmd localizationa» »££»£ 
directional properties of the pinna vary with the distance »f «^J^^^een azimuth and 
KEMAR-mLldn HRTFs t^^J^^^^^O^^m^SV«V«6o> of 
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wimmelocauonofmesourcemlauvetotheear^^^ 
auditory parallax effect for uearby sources (B»*»™Ä HRTK may be produced for 

rStigae ftftecSpSMems associated with HRTF measurements near the head. 

2. Localization in Reverberant Space 

In order to begin to quantify *™^^ 
an earlier free-field localization study \*™^™*^^lZl wSafeven when sources are 
(using a randomly-roved presentation level). The most ^^™™4rformance is simificantly better 
near ! listener and the relative level of ^f0^,^^^^^ dlsS perception in 
than in anechoic space. This can be seen in Figure 2 ^^^^J^^^^saSct and 
reverberant and anechoic conditions (plotted as ^.'^^^^^f^^Saa^ perception 
response distance as a function of the cone of confusion «^^^S^^^awt space is 
decades as the source approaches the median plane m ^^ffSSd^SSs^? reverberation 
better and varies less dramaticaly with source directionThl^^^Jaddnsa whether 
provides a robust cue for source distance Of course, ^^„^^^ information in 
the reverberation cue provides distance ^^f^^^^o^ decades as the source 

Auother smaller, but no less interesting, ^^^S^^^^S^W^ 
performance was also evident. UocalEaton accuracy of subf=* ™ ™e™X. s£^Jt in Jery %*& 

«rerS^ 
In sum, even when reverberaüon is relatively quiet (i.e. for -^--*<">' AS 

however the absolute magnitude of these effects is small. 

presence of rapid temporal modulations of the source signal. 

3. Robust Simulation of Distance Cues 

different directions in both anechoic and reverberant conditions using headphones. 



CM 
a 
o 

Near-Field and Distance Cues in Auditory Spatial Displays 
Shinn-Cunningham & Brungart 

Measurements of the HRTFs in the reverberant room used in the real-world localization experiments 

™™F ^orTälSHtTe poSrof the speaker) and reverberant energy (the superposifon of rnany 

aSved As a rLXtiTesefes could either be time-windowed to generate pseudo-anechoic simulations 
or used in full to generate reverberant-room simulations. 

The measured "anechoic" and reverberant HRTFs were convolved with noise samples (identical to 
üJ^^^jJS^l^äoa experiments) to generate headphone ^X^^T^ 
melnteraural axis or in the median plane at various distances. As in the real-world localization task, overall 
presentation level was randomly roved to 
remove intensity as a distance cue. Stimuli 
were presented both monaurally (where the 
signal to the left earphone was turned off) or 
binaurally. Trials were blocked by condition 
(anechoic monaural, anechoic binaural, 
reverberant monaural, and reverberant 
binaural) with blocks presented in random 
order. No feedback was provided to the 
subjects during the experiment. 

We hypothesized that in the anechoic 
monaural condition, subjects would be poor at 
judging distance, but that in the anechoic 
binaural condition, subjects would be good at 
distance judgements for lateral sources and 
poor for medial sources. If reverberant 
distance cues were primarily monaural, then 
the reverberant monaural and reverberant 
binaural results would be similar for the 
medial sources. However, since reverberation 
will decorrelate the signals at the two ears, 
performance might be generally better for 
reverberant binaural than for reverberant 
monaural presentations. Finally, if reverberant 
binaural results were better than reverberant 
monaural sources for lateral but not medial 
sources,     it    would    indicate    that    the 
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Figure 3: Correlation (r2) between source and 
response distance in headphone experiments. 
Anechoic  results   (left)   are generally   below 
chance;     reverberant    results      (right)     are 
generally    good.    For   reverberant   results, 
lateral    results    (squares)    are   better    than 

sources     u    wuwu    u»—     —    —    medial   (circles)    and   monaural   results   are 
reverberation cue was primarily monaural, but    comparable to binaural. 
was used in addition to the binaural ED cue. 

Figure 3 dots the square of the correlation coefficient between source and response distance 
(seSv forearfi cotdSlnd for lateral and medial sources). In fact, the most obvious finding; was 
SSSSrfKfcSSteCteft side of the figure) resulted in ^^^.^^^^^^ 
distance correlation failing to be significantly stronger than chance (within a 95%'confidence ^erval^ 
TruTresult held even for binaural presentations of lateral sources, where there was a 15 dB change in the 
HD with distance for the simulated sources. 
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what occurred. 
For the lateral sources in reverberant conditions, distance judgements were not,onW«^ 

those in the current study. 
Tn «cnmmarize these findings   we conclude that reverberation is a much more salient and robust 

dis^TÄeSÄro'cL in headphone simulations. While the ED undoubtedly has an effect 

takes) is mapped to perceived source distance. 

SaSZ better than chance and the sixth subject's performance approaching <*a*^£b^(££ 
anSic cues can convey distance information for lateral sources m anechoic space; howeve: these cues 
^^^orTccLpdling as reverberant distance cues, at least for headphone simulations. 

4. Models of Distance Perception 
A Qimnlified model of auditory distance perception in anechoic space was developed for sound sources 

.JiS^TS^SSL that listeners 'can perfectly determine the left/right posrtiou,ota^sound 
source from the HD but sometimes confuse sources in the front and rear hemispheres. They thert use toe 
StedfflMwS is assumed to be a Guassian-distributed random variable) to estimate distance for toe 
^^SfflcSSn. The perceived distance equals the actual distance that would produce the ED 
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matcMngtheüsteneW^ C^uSS
bfhow Taru4ToSl"^t 

in the Responses that were observed behayiorally. Simulations snow uu 
performance reasonably accurately for lateral purees more than30 ^^X^ural cues are 
however, the model underestimates performance in ±c media*' P™J»™ n°or instance> ^ model 
available to listeners). This model makes a ^^^^^^^^ödteami^ perceived 
assumes that 1TD and HD are separately available to *e^fX^del also assumes that source direction 
direction (i.e., there is no time-intensitytrading5 of ^ sort -^ model^so ^mes ma^ ^ ^ 

a^Är«^ 

In reverberant space (and reverberant simulate 
some monaural attribute of the total sign^reachmg^g^^^XS^r, this model assumes 
distance perception has been Pr0P0Sl^0

p
n^S^0^ inversely with the square 

that sources are relatively far away so *£^™g 1 he^ &eTect sound intensity increases more 
of the source distance For ^«^.^SÄdly for lateral than for medial 
rapidly than this. In fact the direc sound intensity increases ^J^ J     £ ratio for nearby 
sources (i.e., there is a directional dependence of *^£*£^^ 
sources). If one were to refine the proposed J1^^*^,^^?" particular (perceived) direction, 
based on the appropriate direct-to-reverberant energy ^J^^^^d m^iai SOurces reported 
U would predict theF direction of the response ^.^^Tf^S^^T^ model fails to 
in the previous section. However, our analysis shows ** eJe" * Ra?should be even larger than was 
predictthe magnitude of the bias we ^^^^^^^J^l^ and to take into 

acclÄ^ 
LtvÄomldÄ c^aSeSiics8 $^£Z&SZZ Echoic space; seeWd, 
Hartmann, and McCaskey, 1999). . 

As a result of our a„a,ysis, we have tatad %£%*&£«££'£%£&. £?S 
perceptiou for nearby sources in f «bf™'^;,£f ÄL^urS^eorrelaüön, rnonaural autocorrelation, 

the ears rather than on the energy in the reconstructed room HRTF. 

5  Predictions of Spatial Unmasking in Anechoic Space 

' We have made substantial progress is m ■ft-^SSÄ « 
arise for sources within reach of a listenerIr^P^"^°™0^™loSe 2 thTheaA This analysis is 
predict both interaural phase and intensity differences ™ ?™SL^V oto out for nearby target and 
particularly relevant for understanding how spatiiJ^kinÄTÄita. can arise for 

SSKSÄSSS a. me ears changes dramatically with source distance. 

We have analyzed how the «received energy» ^•^^^^SSSS^^^SS'ä 
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(anechofc HFtTF) 
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changes in detection ^£*£^%^AÄtt^Ä 

which ear is the better ear must take into account ^^«di^ « «^^ axis) and the target is 
ears. For example, if a masker is very close to the nghtw:&long me ^ .g 

farther away (but in the same direction), ^f^XntLe is veVv small when the masker is more than 
directly to the right side of the head. This ^f^f^^^MSST^nnioed for nearby sources. 

better ear (that with the better SNR) is the ear  — ■ 
for which the HD is bigger than for the 
masker. In other words, if the masker yields 
an HD of 10 dB favoring the right ear and the 
target yields an HD of 8 dB favoring the nght 
ear the left ear has a better signal to noise 
ratio than the right (by 2 dB). Of course, the 
actual IIDs that arise for nearby sources vary 
dramatically with frequency. Therefore, it is 
very likely that the better ear at one frequency 
is not the  better  ear for  all frequencies. 
Combining   these   observations   W1Ü\JS 
standard  Colburn  model   (Colburn,   1973) 
allows one to predict detection thresholds for 
narrowband   targets   at   various   locations 
relative to a wideband masker. For many 
target/masker    geometries,    the    predicted 
amount of binaural gain (i.e., the unmasking 
observed after equating the SNR at the better 
ear) is small compared to the monaural effects. 
But for all spatial configurations studied with 

first reflection 
tffoor) 

-0.8 

100        200 300 400 
Time (ms) 

500 600 

Figure 4: Time-domain impulse  response   at 
Rut for all spatial configurations studied wim    the ear of a listener for a source  in a room 

"TSS) 
bifaund sain is *mys rr^tTo^^rintr |^'s; significant (3-10dB). SSitial  25  ms of  response,   including   direct 

6. Preliminary Measurements of sound and first reflection 
HRTFs in Reverberant Space 

We have begun to analyze the acoustic effects of reverberant >^*£*gS£f£S&£ 
ears in order to identify and test alternative; hypotheses_forhow *^s^Xm using Golay codes 

sr^^^^^^ ?994) in order 
to get more robust, reliable measures of room HRTFs. 

Results of analysis of our *"******%£££&elSf ÄÄfSto ME 

Many acoustic features vary with distance andIdnectionofa••"■^^«ÄS^SS 
be able to predict «he behavioral results observed,For ms**££*f^o« SdHoutgast (1999) to 

Zäf^^t^^^^^"^^lf ~- " f0r W0 S°UrCe 



Near-Field and Distance Cues in Auditory Spatial Displays 
Shinn-Cunningham & Brungart 

directions at both the left and right ears. The direct-to-reverberant energy ratio does provide a distance cue 
Sowever it should be noted thft nearly any other attribute of the signals reaching the ears that vary with 
reverberation with be correlated with the changes in the direct-to-reverberant energy ratio. 

We performed analysis comparing the pseudo- 
anechoic portion of the HRTF to the total HRTF m 
reverberant space. The reverberation causes near- 
random fluctuations in the total spectrum of the signals 
reaching the ears around their "true" anechoic values. 
The size of these fluctuations varies with source 
distance, as one might expect. We are encouraged by 
our observations for a number of reasons. This 
property of the reverberant spectrum will be highly 
correlated with the direct-to-reverberant energy ratio 
and should be able to account for distance perception 
of sources beyond a meter from the listener (i.e., those 
positions that are correctly predicted by Bronkhorst 
and Houtgast, 1999). In addition, computation of 
spectral "roughness" is computationally feasible, 
unlike the proposed model (Bronkhorst and Houtgast, 
1999). In the upcoming year, we intend to explore 
various estimates of spectral roughness as a cue for 
source distance in reverberant rooms. 

0.2 0.5 1 
Source Distance (meters re: head center) 

Figure 6: Ratio of direct to 
reverberant RMS pressure level at 
left (square) and right (circle) ears as 
a  function   of   distance   for   sources 

7. Distance Perception of Speech Stimuli 
In  addition  to  the  studies   of   localization   of «  *«„*.v»~~ 

unfamiliar winces in anechoic and reverberant space straight ahead   dashed lines)  and 90 
already reported,  we performed  some  preliminary to the right (solid lines). 

sS iv^l^C^u^lsL^tVüon because the acoustic properties of the speech 
S'StoSfy 3 me output level of the talker. Consequently, it is possible to estimate the loudness 
of XetXr based on the apparent vocal effort of the speech signal. By comparing this apparent level of 
vo?al effort to the level of the stimulus reaching the ears, it is possible to estimate the distance of toe alker 
A tistene? hearing a loud whisper, for example, knows the sound must originate from a nearby talker 
t^^&^an&^tobom a distant talker. The results of these experiments demonstrate that 
vocS effort s^ extteme™potent cue for absolute distance. However these experiments are substenüal y 
different^character from the others topics discussed in this proposal and will not be pursued further in 
this research program. 
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